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LIQUEFACTION ANALYSIS OF A PETROLEUM TANK-GROUND-PILE RING 
SYSTEM IN RECLAIMED GROUND NEAR SEASHORE 
A. YASHIMA, F. ZHANG & K. SAWADA R. UZUOKA 
Gifi,r University Earthquake Disaster Mitigation Research Center, Riken 
Yanagido l-l, Gifu, 501-I 193, Japan 2465-1, Mikiyama, Miki, Hyogo, 673-0433, Japan 
ABSTRACT 
In this paper, liquefaction analysis (LIQCA2D, LIQCA3D) of a petroleum tank-ground-foundation system is conducted using a 
dynamic fmite element-finite difference method. The nonlinearity of the ground is simulated with a kinematic hardening 
elastoplastic model, which has been verified by a series of hollow cylindrical torsional shear tests and been proved that it can well 
predict the behaviors of soils such as the liquefaction strength curve, the stress-strain relation as well as the effective stress paths 
during cyclic loading. In the numerical analyses, an FEM-DEM analytical method is adopted to the soil-water coupled analysis. 
The petroleum tank is built on a reclaimed ground and is near to seashore. In order to enhance the seismic strength of the tank-soil 
system, a ring-shaped steel pile wall is designed for the tank. At first, two-dimensional (2-D) and three-dimensional (3-D) finite 
element analyses are conducted for the tank without the remediation method to identify the difference between 2-D and 3-D 
analyses. Then, a 3-D dynamic analysis is conducted for the tank in two different cases, that is, with and without the remediation. 
The mu-nose of the research is to evaluate numerically the effectiveness of the remediation method when a tank is built on a 
potentially liquefied ground. 
1 lNTRODUCTION 
It is commonly known that liquefaction may lead to big 
catastrophe to many structures such as embankment, 
revetment and facilities near seashore. In Japan, due to the 
shortage of land, large-scale reclaimed ground is constantly 
made on which many huge structures are built. The geologic 
materials used for reclaimed ground are usually sandy soils 
whose liquefaction strength against earthquake should be 
considered carefully because of the high probability of huge 
earthquake attack during the life span of these structures. It 
is very important, therefore, to develop an effective and 
economical remediation method to protect these seashore 
structures from earthquake in which liquefaction of ground 
may probably occur. 
Many researches, e.g., model tests including centrifuge 
model test and numerical analysis, have been made on the 
liquefaction of the ground related to embankment and 
revetment. It is also obvious that the ability to evaluate the 
effect of the remediation method against he liquefaction is 
absolutely necessary, as the analytical technique can reduce 
the costs of remediation (Finn et al., 1997). 
In this paper, a liquefaction analysis (LIQCA3D) of a 
petroleum tank-ground-foundation system is conducted 
using a three-dimensional dynamic finite element-finite 
difference method. The nonlinearity of the ground is 
simulated with a kinematic hardening elastoplastic model, 
which has been verified by a series of hollow cylindrical 
torsional shear tests and been proved that it can well predict 
the behaviors of soils. In the numerical analysis, an FEM- 
DEM analytical method is adapted to the soil-water coupled 
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analysis. The petroleum tank is built on a reclaimed ground 
and is near to seashore. As a remediation method for the 
tank, a steel pile ring around the tank is designed. 
In the numerical analysis with finite element method (FEM), 
2-D analysis has the advantage of taking short time in 
calculation compared with 3-D analysis. Because some 
simplification should be done in 2-D analysis, the validity of 
2-D analysis always needs to be verified. By conducting 2-D 
and 3-D analyses on the liquefaction of tank-ground system 
without the remediation method, the difference between 2-D 
and 3-D analyses is carefully investigated. Meanwhile, a 3- 
D dynamic analysis is conducted for the tank in two 
different cases, that is, with and without the remediation, in 
order to evaluate numerically the effectiveness of the 
remediation method when the tank is built on a potentially 
liquefied ground. 
2 NUMERICAL PROCEDURE 
In the numerical procedure used in this paper, the governing 
equations for the soil-water coupled problem are described 
with Biot’s two-phase mixture theory and a u-p formulation 
is adopted in the three-dimensional liquefaction analysis, 
where u stands for the displacement andp is the pore-water 
pressure. The FEM is used for the spatial discretization of 
the equilibrium equation while the fmite difference method 
(FDM) is used for the spatial discretization of the pore-water 
pressure in continuity equation. Equations 1 and 2 show the 
equilibrium equation and continuity equation for the Biot’s 
two-phase mixture theory. 
where p is the density of soils, tif is the acceleration of the 
solid, q, is the total stress, 6, is the body force, /is the 
density of fluid, p is the pore-water pressure k is the 
permeability, K’ is the bulk modulus of the fluid and ii is 
the volumetric strain of solid. 
The validity of the proposed numerical method was verified 
by Oka et al. (1994) through a comparison of the numerical 
results and the analytical solutions for a transient response 
of saturated porous solids. Detailed description about the 
algorithm of the numerical procedure can be referred the 
reference. Here, only a brief description about the 
assumptions adopted in the method is given as follows: 
1) The infinitesimal strain is used; 
2) The porosity of soil is smoothly distributed; 
3) The relative acceleration of fluid phase to solid phase 
is much smaller than the acceleration of the solid 
phase; 
4) Grain particles in soil are inconpressible. 
As to the constitutive model for sand, a cyclic kinematic 
elastoplastic model (Oka et al., 1999) is used and the 
detailed description of the model can be referred to the 
reference. 
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Figure 1 Comparison of theoretical and experimental results 
of undrained torsional shear tests (after Matsuo et al., 2000) 
Figure 1 shows the performance of the constitutive model 
for undrained torsional shear tests of Toyoura Standard sand 
under the condition that the vertical strain is constrained 
(Matsuo et al., 2000). It is found that the simulated shear 
stress-shear strain relation and the effective stress path 
coincide well with the experimental results. 
3 NUMERICAL RESULTS AND DISCUSSION 
In this paper, the petroleum tank considered in the numerical 
analysis is located on a reclaimed ground whose geological 
profile is given in Figure 2. The capacity of the tank is 
30,000 KL and its size is 16 meter in high and 52 meter in 
diameter. The distance from the tank to the revetment made 
of concrete is only about 20 meters. There exists the danger 
of horizontal flow of the ground due to the liquefaction of 
the ground during an earthquake. In order to enhance the 
seismic strength of the tank, a remediation method is 
designed in which a ring-shaped steel pile wall is driven 
around the tank. The thickness of the pile ring is 3.0 cm. The 
physical properties of the ground and steel pile are listed in 
Table1 and Table 2. In the numerical analysis, the ground is 
simulated with S-node isoparametric solid element while the 
steel pile ring is simulated with elastic shell element. The 
nonlinear parameters involved in the kinematic elasto- 
plastic model are also listed in Table 2. The detailed way of 
determining these parameters can be referred to reference 
(Oka et al., 1999). 
E: Young’s modulus; KPossion’s ratio 
Figure 3 shows the general view of the tank-ground-pile ring 
system. In 2-D finite element analysis, a mesh of 1403 4- 
node isoparametric elements and 1507 nodes is used in the 
calculation. While for 3-D analysis, a mesh of 3603 I-node 
isoparametric solid elements and 88 shell elements with 
4514 nodes are used in the calculation. Because of the 
symmetric condition, only half of the domain is considered 
in 3-D analysis. 
Figure 4 shows the input earthquake wave with 12 minuets 
of main vibration time, whose maximum acceleration is 487 
gal. 
In the dynamic analysis, a stiffness-proportional type of 
damping is adopted. The direct integration method of 
Newmark- is used in the dynamic analysis and the time 
interval for the integration is 0.01 seconds. 
3.1 COMPARISON OF 2-D & 3-D ANALYSES 
In this section, a 2-D and 3-D finite element analyses are 
conducted for the tank without the remediation method to 
identify the difference between 2-D and 3-D analyses. 
Figure 5 shows the comparisons of horizontal and vertical 
displacements at node 1 as shown in Figure 2, obtained horn 
2-D and 3-D analyses. It is clear from the figure that the 
horizontal displacement in both analyses is in the same level 
while the settlement is in different value. This might be the 
result of the different liquefied level of the ground predicted 
by the different analysis as shown in Figure 6. It is known 
form Figure 6 that in element 3, where three-dimensional 
domain can be accurately simplified by two-dimensional 
area, the excessive pore-water pressure ratio for both 
analyses is almost the same. While in the elements 2 and 3, 
where three-dimensional domain cannot be accurately 
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Figure 4 Input earthquake wave 
(a) Horizontal displacement 
Time(sec) 
Figure 5 Comparison of the displacements by 2-D Figure 6 Comparison of the pressure ratio by 2-D 
and 3-D FEM and 3-D FEM 
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Figure 7 Influence of the steel pile ring on responded horizontal acceleration 
Time(sec) 
2 -0.07;p”‘j”“‘;’ “‘11”’ 9 1 
Time(sec) 
0.14,, , , , , , , I I I / I / I I I I$ 
2 
Figure 8 influence of the steel pile ring on responded horizontal displacement 
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Figure 9 Influence of the steel pile ring on responded settlement 
Figure 10 Influence of the steel pile ring on excessive pore-water pressure ratio 
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simplified by two-dimensional area, the ratio for both 
analyses is quite different. Because 2-D analysis does not 
allow any flow in the direction vertical to the plane, 
liquefaction occurs more easily in 2-D analysis than in 3-D 
analysis, resulting in a larger settlement in 2-D analysis as 
shown in Figure 5. 
3.2 3-D ANALYSIS ON THE ENHANCEMENT 
EFFECT OF STEEL-PILE RING 
Two cases of the calculations are conducted, one is for 
normal ground without steel pile ring and another is for the 
ground with the remediation method. Figure 7 shows the 
responded acceleration at some points as indicated in Figure 
2. It is found that the acceleration of point 2 where the steel 
pile ring is located is much larger than the one without the 
ring. 
Figure 8 shows the responded horizontal displacements at 
the points for different cases. It is obvious that due to the 
existence of the steel pile ring, the horizontal displacement 
near the ring are much smaller than the ones without the ring. 
The repression effect of the displacement due to the ring 
decreases with the distance from the ring. The same 
phenomenon can be observed for the settlements at these 
points as shown in Figure 9 in which the vertical 
displacements near the ring are very small while the 
settlement a little far from the ring are almost the same as 
the one without the ring. 
Figure 10 shows the change of the excessive pore-water 
pressure ratios of some elements as shown in Figure 2 for 
two different cases. It is very interesting to see that the ratios 
for the case of steel-pile-ring are much larger than those of 
the case without steel-pile-ring. In element 1, which locates 
within the ring, the ground is completely liquefied while in 
the case without steel-pile-ring, the ground does not reach 
the liquefaction. This phenomenon indicates that the steel 
pile ring can do nothing for preventing the liquefaction of 
ground but for preventing the deformation of the ground. 
The similar conclusion can be obtained from the distribution 
of the excessive pore-water pressure shown in Figure 11. It 
is easy to see that the pressure within the pile ring is much 
higher than the ones in the ground without the ring. 
Figure 12 shows the distribution of the horizontal 
displacements obtained from different cases. It is clear that 
due to liquefaction of the ground, a horizontal flow occurred 
along the liquefied ground in the case without the pile ring. 
On the other hand, the ground near the pile ring did not flow 
due to the resistance of the ring, though the area without 
flow is only restricted in the vicinity of the ring. 
Figure 13 shows the distribution of the stress in the steel pile 
ring. It is clear that the maximum stress occurred at the 
boundary where the horizontal flow due to the liquefaction 
of the ground is retained by the pile ring. The maximum 
stress is less than the yielding stress of the steel usually used 
in civil engineering. 
4 CONCLUSION 
(a) without steel pile 0 
(b) with steel pile 
Figure 11 Distribution of excessive pore-water pressure 
(t=lO.O set) 
MP 
(a) without steel pi 4.0 
3.0 
(b) with steel pile 
Figure 12 Distribution of horizontal displacement (t=lO.O 
set) 
t Tank 
Figure 13 Distribution of stress in steel pile ring (t=lO.O set) 
(1) Because 2-D analysis does not allow any flow in the 
direction vertical to the plane, liquefaction occurs more 
easily in 2-D analysis than in 3-D analysis. 
(2) A steel pile ring around the tank which is built on a 
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potentially liquefied ground and is very near to the seashore 
is useful in reducing the horizontal flow and settlement due 
to the liquefaction of the ground. 
(3) The steel pile ring, however, cannot prevent the ground 
from liquefaction at all, the only effect that can be expected 
is the repression of the displacement. 
(4) The effect of the steel pile ring as a remediation method 
against the earthquake is only restricted to the vicinity of the 
ring, or the tank. 
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